Sm_qy In a population-based case-control study of 642 childhood cancer cases and the same number of matched controls m Shanghai, China, we evaluated the relationship between diagnostic X-ray (preconception, pre-and post-natal) and antenatal ultrasound exposure and the subsequent risk of developing three major types of childhood cancer (acute lukaia,lymphoma and brain tumours) and all childhood neoplasms combined. Consistent with previous studis, prenatal X-ray exposure was found to be assocated with an 80% icreased risk of chldhood cancers, although the estimation was based on 4% and 2% exposed cases and controls and was only marginally statistically significant (P = 0.08). Post-natal Maternal diagnostic X-ray exposure during pregnancy was first linked with a 40-60% increase in childhood mncers more than 35 years ago (Stewart et al., 1956) , and this link has subsequently been confirmed in several populations (Stewart et al., 1958; Graham et al., 1966; Bross & Natarajan, 1974; Monson & MacMahon, 1984; Gilman et al., 1988; Shu et al., 1988; Howe et al., 1989; Nishi & Miyake, 1989; Mole, 1990) . The causality of this association has been questioned, however, and the excess risk is thought to be related to gestational conditions requiring radiation examinations rather than to the radiation per se (Burch, 1970) . The absence of an excess following in utero radiation exposure of black children (Diamond et al., 1973), the offspring of Japanese atomic bomb survivors (Yoshimoto, 1990) or animals (United Nations, 1986) may suggest that host susceptibility characteristics or selection factors may be involved.
Maternal diagnostic X-ray exposure during pregnancy was first linked with a 40-60% increase in childhood mncers more than 35 years ago (Stewart et al., 1956) , and this link has subsequently been confirmed in several populations (Stewart et al., 1958; Graham et al., 1966; Bross & Natarajan, 1974; Monson & MacMahon, 1984; Gilman et al., 1988; Shu et al., 1988; Howe et al., 1989; Nishi & Miyake, 1989; Mole, 1990) . The causality of this association has been questioned, however, and the excess risk is thought to be related to gestational conditions requiring radiation examinations rather than to the radiation per se (Burch, 1970) . The absence of an excess following in utero radiation exposure of black children (Diamond et al., 1973) , the offspring of Japanese atomic bomb survivors (Yoshimoto, 1990) or animals (United Nations, 1986) may suggest that host susceptibility characteristics or selection factors may be involved.
Although a decline in childhood leukaemia incidence among British children following the report by Stewart et al. (1958) was ascribed to reduced use of diagnostic X-rays during pregnancy (Adelstein & White, 1976) , in recent years pregnant women have been increasingly exposed to diagnostic X-rays (Kaczmarek et al., 1989 ). The incidence of childhood leukaemia has risen among boys aged 5 and younger in the UK (Stiller & Draper, 1982) and Connecticut (Van Hoff et al., 1988) , and the incidence rate of childhood acute lymphoblastic leukaemia and brain tumours increased in the US during 1973-89 (NCI Cancer Statistics, 1992) . Thus, continued study of the role of diagnostic radiation exposure during pregnancy in the aetiology of childhood cancer is important.
Parental preconception and childhood post-natal X-ray exposures have also been linked with elevated risk of childhood cancer (Stewart et al., 1958; Graham et al., 1966; Shu et al., 1988) , although data describing these relationships are sparse. The role of paternal preconception ionising radiation exposure became the focus of renewed interest with the 1990 report by Gardner et al. describing a dose-response relationship between paternal workplace-related preconception radiation exposure and leukaemia and non-Hodgkin's lymphoma among young people in Seascale near the nuclear site of Sellafield.
Pregnancy-related diagnostic ultrasound radiation exposures have not received the same level of public concern, Correspondence: X.-O. Shu (Kinnier Wilson & Waterhouse, 1984) . Although other studies have not confirmed this association (Cartwright et al., 1984; Hartley et al., 1988; Buckley et al., 1989; Birch et al., 1990) , the dramatic increase of ultrasound examination during pregnancy, beginning in the mid-1970s, merits further evaluation.
We recently completed a case-control study of childhood cancer in Shanghai, China, to evaluate the role of diagnostic X-ray (preconception, pre-and post-natal) and ultrasound (prenatal) exposures in childhood cancer occurrence. These diagnostic tests are commonly used during pregnancy in China where testing of X-ray equipment for safety may be lss frequent than in western countries (Wang et al., 1990) . The present study is of further interest because it provided an opportunity to assess fiuther an earlier observation of a link between paternal preconception diagnostic X-ray exposure and leukaemia among Chinese children residing in Shanghai (Shu et al., 1988 for 680 (83%). Of the 139 (17%) non-respondents, 81 (9.9%) could not be traced, parents of 47 (5.7%) refused to participate, four (0.5%) were adopted and seven (0.9%) were living with guardians other than natural parents.
Controls were randomly selected from the general population of urban Shanghai using household groups (local govemment administrative units) as the sampling units, and controls were matched to cases in a 1:1 ratio for sex and year of birth. For each case, one household group was randomly chosen from the 65,363 household groups in the study area, and two household teams (each containing approximately 15-20 families) were randomly selected from the household group. From the family roster files for these two household teams, all potential eligible children were identified and two were randomly selected, one as primary control and the other as an alternative. The alternative control was only utilised if the primary control had cancer, was adopted or lived with guardians other than the natural parents. A total of 642 controls were successfully recruited and no refusal was encountered. Matched controls could not be obtained for 38 cases because of financial constraints, which resulted in 642 case-control pairs for the current analyses. Each parent was asked about the number of X-ray examinations that he or she had received at specific sites (chest, abdomen, pelvis, etc.) during three time periods: 2 years, 5 years, and all years (lifetime) prior to conception of the index child. In addition, the interview included detailed assessment of maternal X-ray and ultrasound exposures during pregnancy and post-natal childhood X-ray exposures, with specific questions about anatomical sites and number of exposures. For prenatal exposures, mothers were asked about specific types of X-ray exposure separately (e.g. plain X-rays; those in which contrast medium was used versus fluoroscopy), whereas questions directed at both parents about preconception and post-natal X-rays did not distinguish between specific types.
The odds ratio (OR) was used to measure the relationship between childhood cancers and X-ray and ultrasound exposures. Conditional logistic regression analyses were performed to derive the risk estimates and 95% confidence intervals after adjustment for potential confounding variables (Breslow & Day, 1980 The proportion of childhood cancer diagnosed under age 5 ranged from 42% to 50% for major cancer groups. Cancers were generally more common in boys than girls, except for brain tumours, which affected similar proportions of boys (49%) and girls (51%) ( Table I ). There were no major differences between cancer cases (of all types and of specific sites) and controls with respect to parental education or per capita income.
Potential confounders
Mothers of cases, particularly those with lymphoma, were generally older at the birth of these children than mothers of controls (Table I) . Leukaemia cases were slightly though non-significantly heavier at birth than controls, but birth weight was unrelated to the risk of brain tumour or lymphoma (Table I) . A significant excess of paternal cigarette smoking prior to the birth of the index child was observed for total cancer (Table I) . There was no association between maternal smoking and childhood cancer. The potential confounding effect of various characteristics (e.g. parental occupational exposures, birth-related characteristics, maternal diseases and medication use during the index pregnancy, childhood diseases and medication use) was examined. Only maternal age, birth weight and paternal smoking were found to confound the association between X-ray exposure and the risk of one or more childhood neoplasms. These charactenrstics were, therefore, adjusted for in all subsequent analyses.
Parental preconception X-ray exposure Children of mothers reporting ten or more X-ray examinations throughout their life prior to conception had a 50% marginally significant increase in risk of total cancer compared with controls, and similar though non-significant excess for acute leukaemia and lymphoma (Table II) . Childhood malignancy was not associated with the number of maternal X-ray examinations within 5 or 2 years prior to conception, however, nor were maternal X-ray exposures restricted to abdominal or pelvic regions linked with elevated cancer risks regardless of the time period considered (data not shown).
Fathers' lifetime history of preconception X-ray examinations and exposures within 5 years of conception was not associated with elevated nrsks for total cancer or with specific types of malignancy, although there was a 40% non-significant increase in lymphoma (Table II) . Marginally significant increases in lymphoma were linked with one or more X-ray examinations within 2 years of conception, but there was no dose-response effect. Analyses restricting paternal preconception X-ray exposures to the abdominal or gonadal regions, based on only a few exposed subjects, showed no increase in childhood cancers of any type (data not shown).
Additional analyses were conducted among children who were under age 2 at time of diagnosis. Among these very young children, paternal X-ray exposure within the 2 year period prior to conception of the index child was related to a marginally significantly increased risk of all cancers combined (OR = 1.67, 95% CI =0.98-2.64, and OR = 1.78, 95% CI = 0.96-3.32, for one and more than one X-ray exposures respectively) and a non-significantly increased risk of leukaemia (OR = 1.69, 95% CI = 0.37-7.82, and OR = 1.94, 95% CI = 0.30-12.59). There was no indication that paternal preconception X-ray exposure at other periods or maternal preconception X-ray exposure at any period was related to the risk of cancers among young children. These results, however, were based on small sample size and the estimates are unstable.
Prenatal and post-natal X-ray exposures Mothers of cases were more likely to experience pregnancyrelated exposure to X-rays of fluoroscopy than mothers of controls for total cancer (OR = 1.8, 95% CI = 0.9-3.6), although only 4% of case mothers reported any type of X-ray examination. Exposure was more strongly linked with acute leukaemia and lymphoma than occurrence of brain tumours (Table III) . Most of the exposures were chest Xrays. Only nine mothers of cases versus four of controls reported any abdominal X-ray examinations during pregnancy (OR = 2.1, 95% CI = 0.7-7.0). The total number of exposed cases was therefore too small to estimate separately risks by specific cancer site and/or by trimester of exposure.
Risks of total cancer and specific types were 30-60% increased among children with a history of post-natal X-ray exposure (Table III) . Compared with never-exposed children, those who reported three or more X-ray examinations postnatally were at significantly increased risk of cancer (OR = 1.8, 95% CI = 1.2-2.9); similarly, acute leukaemia, lymphoma and brain tumour were all 1.5-to 2.0-fold higher among children exposed to three or more X-ray examinations (Table III) .
Ultrasound exposures
Ultrasound tests during pregnancy were not associated with an increased risk of total childhood cancer or any specific type (Table IV) . There was no evidence of a dose-response relationship between number of ultrasound examinations and occurrence of total cancer or specific types, although lymphoma was 70% but non-significantly increased among the offspring of mothers reporting two or more examinations during pregnancy (Table IV) . Stratified analyses showed that antenatal ultrasound examinations were not associated with increased cancer risks among children age 5 or younger (OR = 1.0, 95% CI = 0.7-1.4) but were related to a reduced risk among children over age 5 (OR = 0.5, 95% CI = 0.3-0.9).
Consistent with findings from other populations (Stewart et al., 1958; Graham et al., 1966; Jablon & Kato, 1972; Monson & MacMahon, 1984; Gilman et al., 1988; Howe et al., 1989 ; Mole, 1990 ) and our earlier case-control study of childhood leukaemia in Shanghai (Shu et al., 1988) , results from the present case-control study confirmed that risks of total childhood cancer, leukaemia and lympoma were increased among children with maternal prenatal X-ray exposure, though based on small numbers and not statistically significant. Fewer investigations have assessed risk of childhood malignancy associated with post-natal exposures (Stewart et al., 1958; Graham et al., 1966; Shu et al., 1988) , but the small increases in total cancer and the three major types were also sinilar to earlier findings. Although the present study adds to the sparse and inconsistent literature describing the relationship of preconception parental X-ray exposures and subsequent risk of malignancies among the offspring (Graham et al., 1966; Shu et al., 1988) , the lack of a clear increase in childhood malignancy risk associated with paternal preconception exposures in the present study contrasts with our previous findings demonstrating such a link and a dose-response relationship between paternal X-ray exposure and childhood leukaemia in Shanghai (Shu et al., 1988 ) and a similar association observed in a US study (Graham et al., 1966) . The absence of an association between maternal preconception diagnostic X-ray exposures and childhood leukaemia in our previous study was consistent with findings from our present study (no excess risk of childhood malignancies associated with X-ray exposures within 5 years of diagnosis or with gonadal exposures) despite the marginally significant mcrease in childhood malignancy restncted to those mothers reporting ten or more previous X-rays during their lifetime. Similar to all but one earlier study, we found no consistent increase in childhood cancer risk linked with prenatal ultrasound examinations. Several methodological issues must be considered in interpreting the results of the present study. First, information about X-ray and ultrasound exposure was based on parental self-report. Efforts to validate the exposure information using medical records were not successful because most of the Subjects with missing values were exchlued. 'Adjusted for maternal age, birth weight, paternal smoking prior to the birth of index child. Mole, 1990) . The consisency of prenatal X-ray exposure findings between the present study and earlier studies also suggests that information bias is an unlikely explanation for the largely negative findings for childhood cancer risk in relation to preconception X-ray and ultrasound exposures.
The major groups of childhood cancers were separately assesed, but the numbers, even for the more (20-30% increased) preconception X-ray exposures in a US case-control study (Graham et al., 1966) . In an earber study in China, on the other hand, we found a 2.6-fold elevated risk of acute lymphoblastic leueia and 3.7-fold evaluation of acute non-lymphocytic leukaemia among children whose fathers received more than ten X-ray examinations (Shu et al., 1988) prior to conception. In both the US and the earLier Chinse investigations, only mothers of children were interviewed; thus, the information on paternal exposures was questionable. The previous Chinese study was further limited by lack of information about the anatomical site of X-ray exposure (Shu et al., 1988) .
In the present study, in contrast, parents of 92% cases and 96% controls were separately interviewed about their preconception X-ray exposure, and detailed questions were asked about the anatomical site of X-ray examinations and about the number of exminations subjects received during a certain time period prior to conception. Although the number of leukaenia cases included in the current study was maller than that of the previous study, the statistical power of the present study was sufficient (98%) to detect a 3-fold (Gardn et al., 1987a (Gardn et al., ,b, 1990 ; Urquhart et al., 1991; Kinlen, 1993 ). An investigation carried out in Seascale, a via near the Sellafield nuclear plant in the UK, suggested that paternal preconception radiation exposure acqured during employment at the Seliafield nuclear plant might explain the observed excess of childhood leukaemia in Seasal (Gardner et al., 1990) . The risk of leukaemia, as reported, was increased approximately 6.2-fold for childr of fathers whose lifetime occupational preconception exposure dose was lOOmS or more, but the risk of lymphoma was not elevated (Gardner et al., 1990) . On the other hand, ionising radiation exposure during paternal employment was not found to be linked with the increased risk of childhood leukaemia in the region near the Dounreay nuclear plant (Urquhart et al., 1991) . Recently, Kinlen (1993) compared observed and expected numbers of leukaemia and non-Hodgkdn's lymphoma cases separately for children born in Seasae and for those born elswhere and has concluded that paternal preconception radiation exposure cannot be the sole cause of the excess in Seascale since it does not explain the excess of these neoplasms among Seasae residents born elsewhere. In our study, X-ray exposure dose information was not available. The results from the present study, thus, did not support the hypothesis that low levels of preconception radiation increase the risk of childhood leukaemia.
In a case-control study carried out in the UK, intrauterine ultrasound exposures were found to be related to inreased risks of leukaemia (OR = 4.6) and solid tumours (OR = 2.8) among childr among chihen aged 6 years or older, but not younger children (Kinnier Wilson & Waterhouse, 1984) . It is possibe that ultrasound testing may have been selectively used to examine abnormal pregnancies, because ultrasound examinations were not commonly carried out during the study period. With the exception of the study by Kinnier Wilson and Waterhouse (1984) , all other investigations, including the present study, have shown no association between pregnancy-related ultrasound examination of the fetus and subsequent risk of leukaemia or other cancers in childr (Cartwright et al., 1984; Hartley et al., 1988; Buckley et al., 1989; Birch et al., 1990) . Although in vitro studies have shown that ultrasound radiation can produce free radicals (Chicca et al., 1991) , and induce DNA breaks (Miller et al., 1989) or mutations (Doida et al., 1990) , a possible role of ultrasound in humnn arcinogenesis has thus not been adequately demonstrated to date.
In conclusion, we found no strong evidence that parental preconception X-ray exposure was associated with a notable excess of risk of childhood car. The app ntly conflicting findings on the effect of paternal preconception X-ray exposure between the present and our earlier study (Shu et al., 1988) in the same geographic study area may reflect important differences in methodology (source of exposure information) or the effects of chance. It could be also attributed to the change of dose and reasons for X-ray exposure over the two study periods in the population. X-ray exposures in 1950s and 1960s were high in dose and more likely to be disease related (e.g. tuberculosis), while X-ray examinations after the 1970s were mostly related to routine requirements. Our study supports prior reports of a 40-60% increase in childhood cancer risk associated with maternal prenatal X-ray exposure and small excesses of childhood malignancies linked with post-natal exposures. Finally, our findings support conclusions of all but one prior study that pregnancy-related ultrasound examinations are not related to an increased risk of childhood cancer.
